As the most important characteristic gas, carbon monoxide (CO) can be used for early detection of coal spontaneous combustion in mine goafs. Conventional gas analysis system for coal mine combustion monitoring is chromatographybased gas tubing bundles system, which suffers from long time delay. In this report, a sensitive and stable CO monitoring system was developed by using a distributed feedback (DFB) laser operating at 2.33 μm and a Herriott-type multi-pass gas cell with a 20-m optical length, taking advantage of the in-situ monitoring, excellent accuracy and simple structure available from direct absorption spectroscopy. The detection accuracy of system was about ±0.2 ppm when as low as 1 ppm CO gas was detected. And data monitored can be used to determine that the detection limit of system was about 0.2 ppm. Further, a long-term continuous monitoring evaluation has clearly demonstrated the long-term stability and reliability of the monitoring system. The results obtained have validated the potential use of such a CO monitoring system in a practical monitoring application, such as the coal spontaneous combustion monitoring.
INTRODUCTION
There are a great variety of health and safety hazards in the coal mines, such as water flooding, rock roof collapse, methane gas explosion, and coal mine combustion etc 1 . According to the published statistics, the coal mine combustion has been recognized as one of the major hazards in coal mine production, which can be classified as coal spontaneous combustion and electrical fault 2 . The coal spontaneous combustion is due to the slowly oxidized process of coal residue in the goaf. Because of the highly exothermic oxidized process, the great heat accumulated in turn accelerate the coal combustion and thus causes fire. The oxidization process is characterized by presence and increase of many kinds of gases 3 , such as carbon monoxide (CO) at initial phase of oxidization, ethene (C2H4) when the oxidization gets severe, and ethyne (C2H2) where its presence means fire is imminent.
So far, the fiber optic Raman scatter-based distributed temperature sensor (DTS) is an effective approach for coal spontaneous combustion monitoring, which provides a convenient means to monitor the temperature distribution of coal area over time 4 . However, the DTS fiber cable cannot be directly mounted in coal oxidization zone. Hence, the monitored temperature by the DTS technology is not an actual temperature of coal oxidization zone. More recently, multi-gas monitoring technology has attracted more and more attention to forecasting coal spontaneous combustion 5 . By monitoring the concentrations of each gas within the mixed gases, the early warning signal can be issued before coal spontaneous combustion. Conventional gas analysis system for coal mine combustion monitoring is chromatographybased gas tubing bundles system 6 , which suffers from long time delay due to the longer distance (10 km or longer) between goaf and the underground gas analysis system. As a cutting-edge technology for gas detection, tunable diode laser absorption spectroscopy (TDLAS) shows the advantages and potential for real time on-line monitoring, offering high selectivity and sensitivity, long-term stability and excellent reliability 7 . As is known, TDLAS technique can be classified into two major method: conventional direct absorption spectroscopy and wavelength modulation spectroscopy. The former technique allows a more reliable sensor with the simple and compact structure to be developed, and this approach was employed in this paper.
Among these characteristic gases, CO is the most important gas for early detection of coal spontaneous combustion 8 . Typical detection sensitivity of CO present in goaf area is 1 part per million (ppm) by volume. Because of the stronger absorption of the CO first overtone band, a CO sensor using a laser diode operating around 2.3 μm can provide sensitive detection. Therefore, in this paper, a sensitive (sub-ppm level) and reliable CO monitor has been demonstrated by using a 2.33 μm laser diode, taking advantage of real time on-line monitoring, excellent accuracy, simple structure and lower cross interference available from direct absorption spectroscopy.
SYSTEM STRUCTURE AND PRINCIPLE
A schematic of the CO gas monitoring system is shown in Figure 1 . A distributed feedback (DFB) laser operating at a specific wavelength of 2330.18 nm was employed to target the strong absorption line of CO first overtone band, a wavelength where the corresponding absorption intensity is 3.39×10
-21 cm -1 /(mol×cm -2 ). The Herriott-type multi-pass gas cell (MGC) has an effective optical length of 20 m, with a base volume of 0.57 L. Both sides of the inside of the gas cell were dielectric coated, providing a broadband transmission over the wavelength range from 2290 nm to 2370 nm. The transmitted laser beams were detected by using the RT extended-InGaAs photo-detector installed within the system. Using a current driver and temperature controller, the emitting laser wavelength can be tuned with a sawtooth wave. The intensity of the laser decreases when the laser light is passed through CO gas-filled MGC and as a result, the measured small dip in the background line creates the gas absorption signal. According to the Lambert-Beer law 9 , the CO gas concentration can be obtained using following formula:
where C is the volume concentration of the measured CO gas sample, I0 is the initial light intensity, I is the light intensity due to the absorption, λ is the laser wavelength, L is the length of the optical path, P is the total pressure of the gas medium and S(T) is the intensity of the characteristic spectral lines (which show a temperature dependence). Figure 1 . Schematic of the CO gas monitoring system developed.
USER INTERFACE AND PROTOTYPE
As shown in Figure 2 , the user interface for the CO monitoring system was developed by using LabVIEW software and comprises three key parts: real-time data for the CO concentration, the operating parameters of the system and the detected signals represented graphically. The system was designed to display to the user the key control parameters and the 'run data' from the CO detection, together with displaying the graphs showing the changes in the detected signals, the normalized signals, the nonlinear least-squares fitted curve and thus a real-time measured value of the detected CO concentration. The engineering prototype of CO monitoring system was successfully developed for the further testing, as depicted in Figure 3 . 
RESULTS AND DISCUSSION

Performance of system
In the experiment carried out, the CO gas, at a concentration of 30 ppm, was mixed with pure nitrogen (99.999% N2) to create various CO gas samples at different nominal concentrations: 3 ppm, 1 ppm, 0.5 ppm, 0.3 ppm, and 0.1 ppm. These gases were successively filled into the gas cell with a constant flow rate of 1000 mL/min. The monitored raw data were recorded during the whole process and these are illustrated in Figure 4 . At the same time, the measured raw data were smoothed using a 10-points moving average method, in order to show the trends more clearly. As depicted, the results show that the CO monitoring system could detect CO gas samples with excellent precision and stability. And it can readily sense the presence of CO gas, at a concentration as low as 0.1 ppm. As illustrated in Figure 4 , data monitored can be used to determine that the detection accuracy of system was about ±0.2 ppm when as low as 1 ppm CO gas was detected and the detection limit of system could be estimated to be 0.1 ppm in this work. Due to extremely small amount of impurity of pure N2, the measurement accuracy of CO monitoring system decreased when 0.2 ppm CO gas was detected. Figure 4 . Measured CO concentrations determined from the monitoring system developed.
Field test
To evaluate the stability and reliability of CO monitor developed, the system operated continuously for over 600,000 second in an ambient atmosphere, as shown in Figure 5 . In order to enhance the stability of system, the measured raw data were smoothed using a 30-points moving average method. As can be seen from the Figure 5 , the actual fluctuations of the CO gas concentration in the ambient air could be measured by using the CO monitoring system developed.
Looking at these closely, the first 'rogue peak' resulted from the leaking CO gas from another experiment being carried out in the same place. Figure 5 has clearly demonstrated the long-term stability and reliability of monitoring system. More importantly, there is no cross interference seen in the monitoring of ambient air. The results obtained have validated the potential use of such a CO monitoring system in a practical monitoring application, such as the coal spontaneous combustion monitoring. Figure 5 . The measured CO concentration using the monitoring system developed.
CONCLUSION
In summary, multi-gas monitoring technique is an effective approach for coal spontaneous combustion monitoring, in addition to fiber optic Raman scatter-based DTS. Conventional gas analysis system for coal mine combustion monitoring is chromatography-based gas tubing bundles system, which suffers from long time delay. As a cutting-edge technology for gas detection, tunable diode laser absorption spectroscopy (TDLAS) shows the advantages and potential for real time on-line monitoring, offering high selectivity and sensitivity, long-term stability and excellent reliability.
As the most important characteristic gas, CO gas can be used for early detection of coal spontaneous combustion in mine goafs. In this report, a sensitive and stable CO monitoring system was demonstrated by using a 2.33 μm distributed feedback (DFB) laser and a 20-m Herriott-type multi-pass gas cell, taking advantage of in-situ monitoring, excellent accuracy, simple structure and lower cross interference available from direct absorption spectroscopy. The detection accuracy of system was about ±0.2 ppm when as low as 1 ppm CO gas was detected. Data monitored can be used to determine that the detection limit of system was about 0.2 ppm. Moreover, a long-term continuous monitoring evaluation has clearly demonstrated the excellent stability and reliability of monitoring system developed. The results obtained have validated the potential use of such a CO monitoring system in a practical monitoring application, such as forecasting coal spontaneous combustion.
